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Abstract: Central Asia comprises a large fraction of the world’s drylands, known to be 
vulnerable to climate change. We analyzed the inter-annual trends and the impact of climate 
variability in the vegetation greenness for Central Asia from 1982 to 2011 using GIMMS3g 
normalized difference vegetation index (NDVI) data. In our study, most areas showed an 
increasing trend during 1982–1991, but experienced a significantly decreasing trend for 
1992–2011. Vegetation changes were closely coupled to climate variables (precipitation and 
temperature) during 1982–1991 and 1992–2011, but the response trajectories differed 
between these two periods. The warming trend in Central Asia initially enhanced the 
vegetation greenness before 1991, but the continued warming trend subsequently became a 
suppressant of further gains in greenness afterwards. Precipitation expanded its influence on 
larger vegetated areas in 1992–2011 when compared to 1982–1991. Moreover, the time-lag 
response of plants to rainfall tended to increase after 1992 compared to the pre-1992 period, 
indicating that plants might have experienced functional transformations to adapt the climate 
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change during the study period. The impact of climate on vegetation was significantly 
different for the different sub-regions before and after 1992, coinciding with the collapse of 
the Union of Soviet Socialist Republics (USSR). It was suggested that these spatio-temporal 
patterns in greenness change and their relationship with climate change for some regions 
could be explained by the changes in the socio-economic structure resulted from the USSR 
collapse in late 1991. Our results clearly illustrate the combined influence of 
climatic/anthropogenic contributions on vegetation growth in Central Asian drylands. Due 
to the USSR collapse, this region represents a unique case study of the vegetation response 
to climate changes under different climatic and socio-economic conditions. 
Keywords: climate change; vegetation greenness; GIMMS3g NDVI; USSR collapse 
 
1. Introduction 
Central Asia comprises one of the most important drylands in the world, accounting for nearly 1/10 
of the total dryland area in the planet [1]. This region feeds over 64 million people, with its population 
expected to reach 87 million in 2050 (FAO, [2]). Central Asia is a moisture-limited ecosystem dominated 
by steppes, semi-deserts, and deserts [3], and represents an important carbon reservoir, playing a 
significant role in the global carbon cycle [4]. However, large fluctuations in vegetation greenness have 
been recently observed in this region. Comparing with the greenness variation in 1982–2006 in Eurasia, 
Piao et al. [5] noted a turning point in the normalized difference vegetation index (NDVI) trajectory for 
Central Asia in 1992–1996, when the greenness started to decrease. Significant negative trends in 
vegetation greenness continued for large parts of Central Asia since the beginning of the 20th century [6,7].  
Many studies have shown that drylands in Central Asia are especially sensitive and susceptible to 
climate change and environmental degradation [8–10]. Continuous increases in temperature contributed 
to increased evapotranspiration in this region. Thus, shortage of water resources and aridity are expected 
to be intensified [4,11–14]. Under such circumstances, Eisfelder et al. [15] pointed out that temperature 
is an important factor for plant net primary productivity (NPP) during spring in Kazakhstan. Although 
precipitation is highly variable [4,11], several studies have found that the plants in Central Asia are 
sensitive to precipitation anomalies and exhibit lagged responses for most areas [15–18]. However, 
studies on the combined impact of temperature and precipitation on the vegetation greenness in Central 
Asia are limited so far.  
In addition to climate change, the collapse of Union of Soviet Socialist Republics (USSR) in 1991 
was another pivotal factor affecting plant growth [19]. Given the political, economic, and social 
instability post-USSR collapse, terrestrial ecosystems became particularly vulnerable to human 
disturbance, such as land-use changes [11,20,21]. Vast areas of ploughed land in Kazakhstan, used as 
extensive farmland during the USSR period, were abandoned because of the reduction in population 
following the USSR collapse [19,22,23]. Accordingly, significant differences in the vegetation greening 
trend [5,24] and phenology were found in Central Asia for the pre- and post-USSR collapse [25]. Thus, 
a deeper understanding of the challenges faced by Central Asian countries following the USSR collapse 
is crucial for designing a comprehensive adaptation strategy to contemporary climate change in the 
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broader context of sustainable development. However, an assessment of the different mechanisms 
driving the vegetation response to climate change under different socio-economic circumstances has 
received little attention in the scientific literature. 
This study addresses the need to assess the terrestrial vegetation response to climate variations in 
Central Asia pre- and post-USSR collapse. More specifically, we aimed to (1) investigate the long-term 
changes in vegetation, especially for grasslands and croplands, and (2) determine the contribution of 
climatic factors to vegetation growth during 1982–2011, which encompasses pre- and post-USSR 
collapse periods. 
2. Data and Methods 
2.1. Study Area 
Central Asia constitutes the core region of the Asian continent, spanning from the Caspian Sea in the 
west to China in the east and from Afghanistan in the south to Siberia in the north (Figure 1). Our study 
area included five countries: Kazakhstan, Uzbekistan, Turkmenistan, Tajikistan, and Kyrgyzstan. Its 
mean summer temperatures range from 20 °C in the north to above 30 °C in the south [26], while during 
winter they are below zero, with extremes below −20 °C in the northern and mountain areas. The mean 
annual precipitation in the lowlands ranges between ~400 mm in north of Kazakhstan and less than 
100 mm in some areas of Uzbekistan and Turkmenistan [11,26]. 
 
Figure 1. Map of study area. The land cover data was adapted from the 500 m Moderate 
Resolution Imaging Spectroradiometer (MODIS) land cover product (MCD12Q1). Data for 
population, roads, rivers, lake centerlines, and country boundaries were downloaded from 
the Natural Earth database [27]. 
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Central Asia has approximately 6000 lakes, most of which are inland lakes [28]. Water originating 
from snow melting in the mountains is provided to the lowland lakes by rivers, with upstream storage 
reservoirs used for agricultural irrigation. However, more than half of inland lakes have experienced 
significant decreases since 1975 [29], exacerbating serious environmental issues such as soil salinization, 
pollution of water sources [30], frequent drought, and land degradation [11]. 
According to the Moderate Resolution Imaging Spectroradiometer (MODIS) land cover map 
(MCD12Q1), barren lands occupy most Uzbekistan and Turkmenistan. Regarding the vegetation, 
grasslands account for 60.6% of the total territory in Central Asia, followed by croplands (12.0%), 
shrublands (9.5%), and forests (1.0%) (Figure 1). Grasslands occupy considerable areas of Kazakhstan, 
Tajikistan, and Kyrgyzstan. The dominant crop types is rain-fed that include wheat, oats, and barley in 
northern Kazakhstan, while along Amu Darya and Syr Darya (mainly in Turkmenistan, Uzbekistan, and 
southern Kazakhstan) vast areas are used for irrigated crops (e.g., cotton and rice).  
2.2. Data 
2.2.1. GIMMS3g NDVI Data 
The GIMMS3g NDVI dataset, available from July 1981–December 2011, is the latest NDVI product 
released by the NASA Global Inventory Modeling and Mapping Studies (GIMMS) group. The dataset 
was generated by an Advanced Very High Resolution Radiometer (AVHRR) onboard a series of 
National Oceanic and Atmospheric Administration (NOAA) satellites (NOAA 7, 9, 11, 14, 16, 17, 
and 18). To avoid the effects caused by the use of different sensors changes between the NOAA satellites 
and orbital decay on the quality of the AVHRR data, several procedures were performed to minimize 
the deviation. Specifically, a satellite orbital drift correction was performed using the empirical mode 
decomposition (EMD)/reconstruction method, which minimizes the effects of orbital drift by removing 
the common trends between the time series for the solar zenith angle (SZA) and NDVI [31,32]. 
Additionally, corrections were applied for volcanic stratospheric aerosol effects from the El Chichon 
(1982–1984) and Mt. Pinatubo (1991–1993) volcanic eruptions [31]. Calibration was performed using 
SeaWiFS data, as opposed to earlier GIMMS NDVI datasets, which were based on inter-calibration with 
the SPOT sensor [33]. 
The GIMMS3g NDVI dataset (1982–2011) has a spatial resolution of 1/12° and a temporal resolution 
of 15 days, and is currently considered the best dataset available for long-term NDVI trend analysis [33]. 
The GIMMS3g NDVI dataset has already been shown to accurately represent the real responses of 
vegetation to climate variability [34]. 
In this study, we aggregated the NDVI data to monthly observations for the entire study area in  
1982–2011 using the maximum value composition, further reducing cloud and other noise effects. We 
calculated the annually and seasonally averaged NDVI for each year. Since in Central Asia the 
vegetation growing season starts around April/May and lasts until October, when temperatures drop and 
snow cover blocks the absorption of incoming photosynthetically active radiation (APAR), effectively 
stopping vegetation growth [7,17,35]. Therefore, seasonal NDVI was calculated as the mean NDVI for 
spring (April–May), summer (June–August), and autumn (September–October).  
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2.2.2. Climate Data 
Climate data were derived from the Modern Era Retrospective-Analysis for Research and 
Applications (MERRA) project at the Global Modeling and Assimilation Office (GMAO; [36]). The 
MERRA reanalysis dataset uses observations from NASA’s Earth Observing System satellites and 
reduces the uncertainty in precipitation data for the water cycle, with significant improvements since the 
previous generation of datasets [37]. 
Meteorological data from MERRA have a spatial resolution of 0.5° × 0.667°, covering from 1979 to 
present. In this study, we used monthly temperature and precipitation data for 1982–2011. The climate 
data were resampled to ensure a 1/12° spatial resolution consistent with the GIMMS3g NDVI data and 
were used to explore the impact of climate on the vegetation greenness. Generally, the climate variables 
have relatively smooth transition in space in Central Asia, especially for temperature. Interpolation is a 
more suitable method for climate data and has been commonly used in regional climate studies. Similar 
to the NDVI, we calculated the annual and seasonal total precipitation and mean temperature for each 
year for 1982–2011 using the monthly data. 
2.3. Methods 
2.3.1. Trend Analysis of NDVI and Climatic Factors 
We identified the regions with significant annual and seasonal NDVI trends in 1982–2011 using 
linear regression:  
ݕ ൌ ܽ ൅ ܾݔ ൅ ߝ  (1)
where y was a dependent variable representing the annual or seasonal NDVI (or climate variable) and x 
was the independent variable representing the year. The parameter b was the slope of the regression line, 
a was the intercept, and ε represented the error term. In this linear model, we adopted the least absolute 
deviation (LAD) method, which requires the deviation minimum, in comparison with the least-squares 
method. For large dispersion data, the values fitted with the LAD method are closer to the real 
values [38]. The LAD method is also more powerful than least-squares for asymmetric error distributions 
and heavy-tailed, symmetric error distributions, and more resistant to the influence of outliers in the 
dependent variable [38–41]. 
The LAD linear regression model was applied to all pixels in the time-series images and maps of the 
annual and seasonal trends of NDVI and climate variables were created to show the positive (increasing) 
or negative (decreasing) trends in the data. Then, we conducted an analysis of the regional trends by 
focusing on the spatially averaged time series for NDVI, temperature, and precipitation. 
2.3.2. Multiple- and Partial-Correlation Analysis for the Climatic Impact on Vegetation 
To quantify the effect of rainfall and temperature on the greenness trends, we used multiple 
correlation regression to simulate their relationships (Equation (2)). In this equation, x1 and x2 
represented the precipitation and temperature, respectively, and y represented the NDVI. ݕపෝ  was the 
simulated NDVI by the regression of x1 and x2. The multiple-correlation coefficient (R) was calculated 
by Equation (3). The significance of the correlation coefficient was estimated by an F-test at a 
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significance level of 95%, with a larger coefficient representing a closer relationship between NDVI 
and climate.  
ݕపෝ ൌ ܾ଴ ൅ ܾଵݔଵ ൅ ܾଶݔଶ (2)
ܴ ൌ ∑ሺݕ௜ െ ݕതሻ െ ∑ሺݕపෝ െ ݕതሻ
ට∑ሺݕ௜ െ ݕതሻଶ ∑ሺݕపෝ െ ݕതሻଶ
 
(3)
However, multiple correlation cannot identify negative or positive relationships as its ranges 0–1. 
Thus, we adopted a partial correlation coefficient to demonstrate the contribution of each climatic factor 
to the vegetation greenness. Partial correlation measured the degree of association between two variables 
without the influence of the other factor as follows: 
ݎ௫భ	௬.௫మ ൌ
ݎ௫భ௬ െ ݎ௫భ௫మݎ௫మ௬
ට1 െ ݎ௫భ௫మଶ ට1 െ ݎ௫భ௬ଶ
 
(4)
where ݎ௫భ௬,	ݎ௫మ௬, and ݎ௫భ௫మ are the correlation coefficients between NDVI and one climatic factor (e.g., 
precipitation), NDVI and the other climatic factor (e.g., temperature), and the two climatic factors, 
respectively, and ݎ௫భ௬.௫మ  is the partial correlation coefficient between one climatic factor and NDVI, 
excluding the other climatic factor. A t-test was adopted to test the partial correlation coefficients, whose 
significance was estimated at a level of 95%. 
2.3.3. Time-Lag Correlation Analysis between NDVI and Precipitation 
The relationship between NDVI and precipitation is characterized by a time-lag response of NDVI in 
relation to rainfall, since the vegetation is affected by both current and previous events. Moreover, this 
relationship can differ significantly depending on the plant growth stage [42,43]. Thus, the relationship 
between NDVI and precipitation was depicted by: 
ܰܦܸܫ௧ ൌ ݂ሺ ௧ܲ, ௧ܲିଵ, ௧ܲିଶ,⋯ , ௧ܲି௞, ݀ሻ ൅ ߝ௧  (5)
where NDVIt is the NDVI value at time t, Pt − k is the precipitation volume at time t − k, k is the lag 
length, d is the date during the growing season, and ߝ௧ is the random error. In our study, we simplified 
this relationship for each month during the growing season according to Gessner et al. [17]: 
1. The relationship between NDVI and precipitation was analyzed through partial correlation 
according to Equation (2). The time-lagged correlations were performed for four different 
month lags (lag 0, lag 1, lag 2, and lag 3) for each pixel. For each lag effect, we considered 
the cumulative effect of 1–5 months [17], resulting in 20 lag-correlations for all conditions 
(Figure 2). 
2. To assess the most accurate lag-response of the vegetation to precipitation changes, we 
adopted the maximum correlation coefficient of the 20 correlation analyses for each pixel.  
3. Through the maximum correlation coefficient, we determined the lag time from the 20  
lag-correlation results. The lag effects were illustrated by the maximum correlation coefficient 
and corresponding lag time.  
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Figure 2. Schematic presentation of the lag effect of precipitation on NDVI. The horizontal bars 
represent the precipitation time series. The vertical bar represents the NDVI at time t. The impact 
of lag 0, 1, 2, and 3 on the NDVI is represented by the colors red, yellow, green, and blue, 
respectively. For example, lag 0 represented monthly NDVI values at time t were correlated with 
the precipitation from time t (concurrent month) to time t − 1 (previous one month), or t − 2 
(previous two month), or t − 3 (previous three month), or t − 4 (previous four month). 
3. Results 
3.1. Annual Trends in the Climatic Factors and NDVI 
The annual total precipitation and annual mean temperature from the MERRA dataset were calculated for 
1982–2011 (Figures 3(a1,b1)). The annual total precipitation varied from 11 mm in the lowlands of 
Uzbekistan to over 800 mm in the high mountain grasslands of the southern regions. Temperature exhibited 
an opposite spatial pattern to precipitation. Low temperatures were found for the high latitude and 
mountainous areas where the annual mean temperature reached below zero. High temperatures were found 
for the southwestern areas of Central Asia where the annual total precipitation was generally below 200 mm. 
Precipitation showed a high spatial heterogeneity trend during 1982–2011 (Figure 3(a2)). Positive 
trends were concentrated in the southwest and east regions, while negative trends widely occurred across 
the majority of Central Asia, such as in the grasslands of Kazakhstan and Tajikistan. The regional averaged 
total precipitation decreased significantly (p-value < 0.05) in 1982–2011 (Figure 3(a3)). Concurrently, 
a significant warming trend was detected with an increasing rate of 0.052 °C/yr (p-value < 0.05) 
(Figure 3(b3)) and covering over 90% of the vegetated areas in Central Asia (Figure 3(b2)). Overall, the 
climate in Central Asia was characterized by a warming and drying trend during 1982–2011. 
The NDVI was relatively high for the northern high latitudes of Kazakhstan and southern Central 
Asia, where rainfall was sufficient and temperature was relatively low compared to middle Central Asia 
(Figure 4a). Relatively low NDVI values appeared mainly in central and southwestern Central Asia, 
mostly in shrubland areas, with little annual rainfall (0–150 mm) and high annual temperatures  
(10–20 °C) (Figure 3(a1,b1)). 
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Figure 3. (a1,b1) Annual total precipitation (Precip) and annual mean temperature (Temp) 
for 1982–2011. (a2,b2) Annual trends. (a3,b3) Time series of the annual total precipitation 
and annual mean temperature. 
Statistically, NDVI exhibited large inter-annual fluctuations during 1982 and 2011 (Figure 4b). 
Before 1991, the vegetation showed a greenness increase of up to 0.017/yr (p-value = 0.14). After 1991, 
there was an obvious decrease in greenness over Central Asia at a rate of −0.009/yr (p-value = 0.05). To 
evaluate the spatial heterogeneity of the NDVI trends, a linear NDVI trend was calculated for each pixel 
during 1982–1991 and 1992–2011. The vegetation greenness experienced significant upward trends for 
9.0% of the total vegetated area in Central Asia during 1982 and 1991 (Figure 4(c)). However, a 
downward trend in greenness was observed in 1992–2011 (Figure 4c,d). During 1992–2011, the 
vegetated areas with significantly browning trends (p-value < 0.05) dramatically increased to 22.9% of 
all vegetated area. The areas with non-significantly decreasing NDVI trends also expanded to cover 
48.2% of all vegetated area. Significantly decreasing trends were mainly found for most north 
Kazakhstan and the Aral Sea Basin. 
The various vegetation types changed differently in Central Asia. During 1982–1991, significantly 
positive greenness trends were observed for the following vegetation type areas: grasslands (7.3%), 
croplands (16.7%), shrublands (5.1%), and forests (34.8%) (Figure 5(a)). However, significant decreases 
in NDVI were found for these four areas in 1992–2011: grasslands (21.5%), croplands (36.5%), 
shrublands (24.3%), and forests (18.8%). Grassland is the dominating vegetation type in Central Asia. 
In 1982–1991, grassland areas showed barely significantly (p-value < 0.05) decreasing trends (Figure 4 
and 5). But after 1992, the decreasing trends expanded to large areas accounted for 21.3% of grassland 
areas in Central Asia. This phenomenon was mainly apparent for the lowland areas of Kazakhstan, 
whereas the high mountain grassland areas in the east, such as Kyrgyzstan and east Kazakhstan, showed 
very limited decreasing trends. 
In addition, croplands suffered the largest decrease in 1992–2011 and a detailed statistical analysis of 
cropland data was performed for the five Central Asian countries (Figure 5b). Before 1991, significantly 
positive trends in NDVI were observed for over 10% of the croplands in all countries. However, 
decreasing greenness trends were observed in croplands for the five countries after the USSR collapse. 
The largest percentage of negative trends for Central Asia was observed in Kazakhstan, where 47.7% of 
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croplands showed a significant greenness decrease. Most browning croplands corresponded to rain-fed 
agricultural areas in northern Kazakhstan (Figure 1). A decreasing greenness was also apparent for 
croplands in Tajikistan (4.3%), Uzbekistan (5.6%), Kyrgyzstan (3.3%), and Turkmenistan (3.4%). As 
the climatic variation was similar for these two periods, these differences in greenness changes might 
have additionally been caused by other factors, such as land-use and water supplement changes. 
 
Figure 4. (a) Map of the annual NDVI and (b) spatially averaged NDVI trend for  
1982–2011. (c,d) represent the maps of the annual NDVI linear trends for 1982–1991 and 
1992–2011, respectively. The areas with significant trend correspond to a p-value < 0.05. 
 
Figure 5. Percentage of the area with significantly positive (white) and negative trends 
(gray) (p-value < 0.05) during 1982–1991 (left columns) and 1992–2011 (right columns) for 
the (a) dominant land cover types (with the number of pixels below) and (b) croplands in 
Kazakhstan, Kyrgyzstan, Tajikistan, Turkmenistan, and Uzbekistan. 
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3.2. Seasonal Trends in the Climatic Factors and NDVI  
To verify the seasonal greenness contributions to the annual variation, we investigated the seasonal 
variation in the climatic factors and NDVI during 1982–1991 and 1992–2011. In spring, the mean 
precipitation was relatively lower (3.8 mm) in 1992–2011 than in 1982–1991 (Figure 6). However, the 
climate became warmer (1.0 °C) in 1992–2011, at a significant increasing rate of 0.2 °C/yr  
(p-value < 0.05), with over 40% of the vegetated areas characterized by a significantly warming trend 
(p-value < 0.05) (Table 1). Accordingly, the area with a significant greening trend increased  
from 4.5% in 1982–1991 to 17.5% in 1992–2011. 
 
Figure 6. Inter-annual variations and trends for the seasonal (a) precipitation, 
(b) temperature, and (c) NDVI in 1982–1991 and 1992–2011 in Central Asia. The boxes 
represent the values for the second and third quartiles, the horizontal line gives the median, 
and the whiskers show the lowest/highest values. The hollow stars indicate the temporal 
trends in precipitation, temperature, and NDVI for the different seasons, while the solid stars 
show the significant trends (p-value < 0.05). 
Precipitation did not show large spatio-temporal changes during summer (Figure 6; Table 1). Similar 
to spring, the summer temperature significantly increased at a rate of 0.08 °C/yr in 1992–2011 (p-value 
< 0.05). However, the vegetation showed dramatically different trends for these two periods. During 
1982–1991, the NDVI showed a non-significant increasing trend, with 7.9% of the vegetated areas 
showing a significantly greening trend. However, in 1992–2011, the NDVI trend significantly decreased 
at a rate of −0.3 unit/yr with 13.5% of the area characterized by a significant browning trend. 
In autumn, the precipitation was much lower (9.6 mm) in 1992–2011 than in 1982–1991. The 
temperature was higher (0.8 °C) in 1992–2011, with over 75% of the vegetated areas showing 
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significantly warming trends. Similar to summer, the NDVI trends in autumn differed for the two 
periods. In 1982–1991, NDVI had a significantly increasing rate of 0.5 unit/yr, with 13.5% of the 
vegetated areas showing significantly greening trends. Nevertheless, in 1992–2011, the vegetation NDVI 
decreased at a rate of −0.05 unit/yr, with 27.1% of the vegetated areas characterized by significantly 
browning trends.  
The warming condition and relatively higher precipitation promoted seasonal greenness  
in 1982–1991. Accordingly, in 1982–1991, the annual greening trend resulted from all the three seasonal 
greening trends. However, the slightly decreasing precipitation in spring and summer contributed to the 
dryer conditions in 1992–2011. Comparing the temperature variations for the three seasons, the seasonal 
warming trends were more severe in 1992–2011 than in 1982–1991, especially in autumn. Therefore, in 
1992–2011, even though 17.5% of the vegetated areas showed a significantly greening trend in spring, 
the decreasing greenness in summer and autumn led to an annual decrease in NDVI. 
Table 1. Area percentage of significantly (p-value < 0.05) positive (+) and negative (−) 
trends for precipitation (Precip), temperature (Temp), and NDVI for all Central Asian 
vegetated areas in 1982–1991 and 1992–2011. 
 Trend 
Spring Summer Autumn 
1982–1991 1992–2011 1982–1991 1992–2011 1982–1991 1992–2011 
Precip 
+ 0.0% 0.5% 0.1% 0.3% 0.0% 0.5% 
− 0.1% 0.6% 0.0% 0.6% 0.5% 1.5% 
Temp 
+ 1.1% 43.9% 1.8% 41.9% 16.2% 78.9% 
− 3.6% 0.0% 0.0% 0.8% 0.0% 0.0% 
NDVI 
+ 4.5% 17.5% 7.9% 4.5% 13.5% 3.6% 
− 0.5% 7.2% 0.3% 13.5% 0.4% 27.1% 
3.3. Climate Impact on the Vegetation Greenness. 
Based on the multiple correlation analysis, in 1982–1991, only 3.3% of the vegetated area was 
significantly affected by climate (p-value < 0.05) (Figure 7(a1)). However, the vegetated region 
significantly affected by climate expanded to 5.6% in 1992–2011 (Figure 7(b1)), mainly in south 
Kazakhstan and north Uzbekistan, within the Amu Darya and Syr Darya basins. But for most areas in 
northern Kazakhstan, the degree of climatic impact on greenness was evidently lower in 1992–2011 than 
that in 1982–1991. 
To distinguish the individual contributions of precipitation and temperature from their combined 
effect, Figure 7(a2,b2) show the partial correlation between NDVI and precipitation for the two periods, 
excluding the effect of temperature. In 1982–1991, the precipitation showed positive effects on the 
vegetation greenness in 5.1% of the vegetated areas in Central Asia, but it expanded to 11.5% of the 
vegetated areas in 1992–2011. These expanded areas mainly located in Amu Darya and Syr Darya 
basins, where croplands are irrigated. Comparing the spatial patterns of the affected areas by the 
combined climate effect during these two periods (Figure 7(a1,b1)), the expanded areas coincided with 
the areas affected by precipitation changes (Figure 7(a2,b2)), which implied that precipitation was the 
main factor of climatic impact on greenness of these regions. 
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Figure 7(a3,b3) show the partial correlation between NDVI and temperature for the two periods, 
excluding the effect of precipitation. Temperature had dramatically different impacts for the two periods. 
For the first period, the temperature showed strong positive effects on vegetation growth for most areas, 
while its consistent increase resulted in negative effects in 1992–2011 for most areas and especially for 
Kazakhstan grasslands. The vegetation greenness might then have been suppressed by the significant 
warming trend in 1992–2011. 
 
Figure 7. NDVI response to (a1,b1) combined precipitation and temperature (R), (a2,b2) 
precipitation (r), and (a3,b3) temperature (r) during 1982–1991 and 1992–2011. The areas 
with significant correlations correspond to a p-value < 0.05. 
Overall, climate had a generally weak correlation with greenness in northern Kazakhstan areas in 
1992–2011 compared to 1982–1991. But the correlation between precipitation and greenness became 
stronger in some areas such as the Amu Darya and Syr Darya basins. In addition, temperature showed 
evidently opposite impacts on greenness during the two periods and the warming condition turned from 
a promoter in 1982–1991 to a suppressant in 1992–2011 for vegetation greenness. 
3.4. Lagged-Response of NDVI to Precipitation 
Considering vegetation have lagged responses to rainfalls, we further studied the relationship between 
vegetation and precipitation in 1982–1991 and 1992–2011. Figure 8 presents the lagged maximum 
correlations and months of NDVI response to precipitation. Generally, in Central Asia, the correlation 
between NDVI and precipitation was positive in May–September. However, the precipitation and NDVI 
were negatively correlated in April and October for most vegetated areas, and especially for grasslands 
in Kazakhstan. Additionally, the significantly correlated areas increased from April–June and declined 
until October, with the largest areas in June (43.3% in 1982–1991 and 52.7% in 1992–2011 for all 
vegetated areas) (Figure 8(c1)–(c4)). 
Many areas were characterized by a strong sensitivity of NDVI to rainfall (r > 0.7) in 1982–1991 
(Figure 8). In contrast to the time-lagged response of greenness to precipitation in 1982–1991, strong 
correlations were only observed for northwest Central Asia in 1992–2011 (Figure 8), indicating a weaker 
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impact of precipitation on NDVI for the second period. However, there was a larger percentage of 
vegetated areas affected by precipitation after 1992 than before 1992. This expansion was mostly located 
in central and south Central Asia, where the NDVI was comparatively lower. 
 
Figure 8. Lagged NDVI response to precipitation during 1982–1991 and 1992–2011. 
Maximum r corresponds to the maximum correlation coefficient for all correlation analyses 
between NDVI and precipitation in Central Asia. The resulting temporal lag represents the 
best fit for all time-lag correlation analyses. Areas with non-significant correlations (p-value 
> 0.05) are shown in dark gray. 
The analysis, including the lagged months, revealed that the vegetation greenness was significantly  
(p-value < 0.05) affected by precipitation without a time lag (lag 0) for most areas in 1982–1991, 
accounting for nearly 20% of all vegetated areas in April–October (Figure 9a). Plants with a 1–3 month 
lag were mainly located in the central grasslands and southern shrublands in June. However, in  
1992–2011, over 25% vegetated areas were characterized by a time lag of 1–3 months in  
May–September (Figure 9b). 
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Overall, the degree and time lag of the responses of the vegetation to precipitation were significantly 
different for the two periods. Considering the non-significant trends for precipitation in 1982–2011 
(Table 1), it is reasonable to conclude that the observed change in the lagged response might mainly 
result from changes in the plant species or other disturbances. 
 
Figure 9. Percentage of vegetated area characterized by 0-month lag (red), 1-month lag 
(yellow), 2-month lag (green), and 3-month lag (blue) during (a) 1982–1991 and  
(b) 1992–2011 in NDVI response to precipitation (p-value < 0.05). 
4. Discussion  
4.1. Vegetation Variations and Their Relationships with Climatic Factors  
In a study of Eurasia, Piao et al. [5] pointed out that a turning point for the NDVI in Central Asia 
mostly spanned from 1992 to 1996. In our study, the turning point in NDVI was given as the collapse of 
USSR in late 1991, with specific implications in the vegetation greenness pre- and post-1992. Before 
1992, the NDVI displayed increasing trends for most Central Asia. However, decreasing trends in the 
vegetation greenness were detected for 22.9% of the vegetated areas after 1991. This coupling between 
vegetation trends and socio-economic conditions is in agreement with De Beurs et al. [44], and 
Lioubimtseva and Henebry [11].  
According to our results, temperature had different impacts on greenness in 1982–1991 and  
1992–2011(Figure 7). For 1982–2011, our study showed a consistently warming trend for Central Asia 
especially in 1992–2011, in agreement with previous studies [11,13]. For 1982–1991, our results 
demonstrated an enhancement in the vegetation greenness due to the warming trend, as warmer 
conditions during the early and late growing season are typically associated with lower levels of frost 
damage and overall better conditions for plant growth [42,45,46]. This is consistent with other results 
from high-latitude areas in Eurasia, North America, and China showing that a warming trend promotes 
greening [47–51]. However, as the warming trend significantly increased in 1992–2011, the increasing 
temperatures might have caused a larger water deficit due to evapotranspiration losses both annually and 
seasonally, thereby increasing the plant water stress and desiccation and impacting the rates of carbon 
uptake by photosynthesis [52–54]. Since the greenness decline observed in summer and autumn largely 
contributed to the annual decrease, it is likely that the extremely high temperatures for these two seasons 
were the main reason for the decrease in greenness in Central Asia in 1992–2011.  
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In addition, high temperatures are also a main cause of intense fire activities in this region that reduced 
vegetation greenness abruptly. Loboda et al. [3] used MODIS global fire data to characterize fire 
occurrence in Central Asia, and reported that the majority of burned areas in 2001–2009 corresponded 
to grasslands, especially in Kazakhstan [55]. In addition, the majority of burned areas resulted from late 
summer and autumn fires when the herbaceous biomass entered the senescence phase, contributing to a 
negative impact on greenn1ess. This further supports our findings that a warming climate is a crucial 
factor for vegetation greenness changes by aggravating water shortage and fire occurrence in 
Central Asia. 
In 1982–2011, the annual precipitation generally positively correlated to annual NDVI (Figure 7). 
However, in April and October, the precipitation was negatively correlated with vegetation growth 
(Figure 8). This is contradicted to the common understanding in many other dryland areas (e.g., 
Africa [56], Australia [57]), where precipitation is a pivotal factor promoting greenness. One reason may 
be that the temperature in April and October in Central Asia is extremely low and the rainfalls in such 
low temperature easily form ice crystals in plant tissue, thus leading to the death of the plant, or at least 
damage to burgeon and young leaves [58]. Another reason may be that the excessive rainfall may have 
contributed to the formation of seasonally frozen soil. When soil is frozen, its thermal conductivity 
increases and its heat capacity decreases [59], which could significantly suppress vegetation growth.  
Although the annual precipitation failed to demonstrate an accurate relationship with simultaneous 
vegetation greenness, the lagged correlation analyses revealed an important response of the vegetation 
to precipitation in Central Asia. This lagged phenomenon is also common in other dryland regions, such 
as Africa [60], northeast China [61], and the Great Plains [62]. Comparing the lagged response of the 
two periods, our study showed a time lag of 0 months for 1982–1991, but 1–3 months after 1992, 
especially for the grasslands of Kazakhstan. The time-lag mechanism of plant is controlled by plant root 
system that is capable of holding a large amount of moisture and transforms to shoots and leaves 
gradually [63,64]. Comparing to vegetation with less developed root systems, vegetation with strong 
root systems could avoid being immediately affected by precipitation shortage in the dry season. Thus, 
this prolonged lagged response during 1992 and 2011 showed a reinforcement of the plants root growth 
to strengthen their water-holding capability, indicating a transition in vegetation functional types as 
vegetation adapted to climate changes [63,65–67] in Central Asia.  
4.2. Potential Impacts of the USSR Collapse on Climate-Vegetation Relationships  
Our study proved that the correlation between climate and vegetation tended to be weaker in most 
northern parts of Kazakhstan during the post-USSR collapse period (Figure 7). Considering the Central 
Asian countries experienced large changes in land-use followed by socio-economic disturbance  
after the USSR collapse (e.g., wars, revolutions, policy changes, and economic crises) [68],  
these socio-economic factors are also likely to have contributed to the greenness changes, providing 
specific explanations for the change of climate-vegetation relationships in these regions. 
During the socialist period of the USSR, northern Kazakhstan was characterized by rain-fed 
farmlands, accounting for 94% of the croplands in Kazakhstan in 1991–1993 [69]. This region was 
known as “the major granary” of the USSR and was heavily subsidized and intensified for 
farming [70,71], which may have been another reason for the increasing greenness in 1982–1991, apart 
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from the climate contribution. However, comparing the regional NDVI trends for the five countries in 
Central Asia in 1992–2011, north Kazakhstan showed the largest decline in vegetation greenness for 
croplands (Figure 5(b)). During the post-USSR period, with the drastically reduced profitability of 
farming and unsecure land tenure, approximately three millions of people migrated outside of 
Kazakhstan in 1991–2006 [68,70,72]. Accordingly, millions of hectares of farmland were 
abandoned [22,23,73], leading to a considerable decrease in crop production in the 1990s [74], 
explaining the large decrease in cropland greenness in Kazakhstan (Figure 5). Due to these human 
disturbances, climate impact was much weaker on greenness in post-USSR period than that in  
pre- period in the northern Kazakhstan. 
However, the climatic effects on greenness during the two periods in the Amu Darya and Syr Darya 
basins were completely different from that in the northern Kazakhstan. In the northern Kazakhstan, 
climate and vegetation had a strong correlation before 1991, and this correlation became weaker  
in 1992–2011. However, in the Amu Darya and Syr Darya basins, climate showed a weak correlation 
with vegetation greenness in 1982–1991, and became stronger after the USSR collapse (Figures 8 and 9). 
This can be explained by the different land-use policies or practices for the two periods in the Amu 
Darya and Syr Darya basins. Under the Soviet Union policy (and especially after the 1970s), the 
expansion of irrigated agriculture resulted in a 70% increase in irrigated farmlands in Central Asia [30]. 
In Uzbekistan, Turkmenistan, Tajikistan, and Kyrgyzstan, irrigation was the dominant agriculture 
practice for agriculture, accounting for 92%, 91%, 75%, and 67% of all croplands, respectively,  
in 1991–1993 [69]. Irrigation water supplement was the key factor to crop yield, therefore rainfall was 
less impacted on vegetation greenness during the pre-USSR collapse. However, the USSR intensified 
agriculture policies (e.g., expansion irrigation area; dam construction) caused environmental degradation 
(e.g., erosion, salinization, and decreasing fertility) in the Amu and Syr River basin [30,75,76]. Thus, 
after the USSR collapse, each country had to alleviate the environmental damage resultant from the  
over-extension of the irrigated area by rehabilitating the abandoned croplands [20,21] and plowing up 
the rain-fed crops in predominantly arid climate areas [19,77]. These actions led to a stronger 
dependency of plant growth on the climate variability during the post-USSR period, supporting our 
finding that the relationship between plants and rainfall became stronger in 1992–2011 for south Central 
Asian countries (i.e., Uzbekistan) when the irrigated land area significantly decreased.  
Human disturbance has a large impact on vegetation growth and its relationship with observed climate 
variations as findings in our study. According to the UNEP-WCMC [78], only 9% of the world’s drylands 
are nationally protected areas. Thus, to protect drylands, governments should also attach importance to the 
sustainable development of the dryland ecosystems by controlling socio-economic changes. 
5. Conclusions 
The main findings of our study can be summarized as follows: 
1. The overall trends of NDVI evidently differed before and after 1992. The vegetation greenness 
showed an increasing trend for most areas before 1991, but experienced a dramatic decrease 
in 1992–2011.  
2. Climate largely contributed to the greening/browning trends in Central Asia during these two 
periods, but its influence on greenness varied significantly. The increasing temperature 
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prompted vegetation greening before 1991 for most areas. However, in 1992–2011, this 
warming trend resulted in desiccation, suppressing the greening trend by increasing 
evapotranspiration and fire occurrences. The precipitation-controlled area expanded  
in 1992–2011, compared to 1982–1991. Moreover, the time-lag response of plants to 
precipitation extended to 1–3 months in 1992–2011.  
3. Considering the distinctive greening/browning trends and their climatic responses during  
the pre- and post-USSR collapse, the effect of socio-economic changes on  
the climate-vegetation relationships cannot be ignored, such as the human migration  
in Kazakhstan and land-use policy changes in the Amu Darya and Syr Darya basins during 
the post-USSR period. Similar to vegetation greenness, these policy changes also had 
significant impacts on animals, with Bragina et al. [79] showing a rapid decline in large 
mammal populations in Russia, after the USSR collapse. 
4. Our findings contributed to a comprehensive understanding of the role of climate change and 
its impact on drylands in Central Asia pre- and post-USSR collapse. Furthermore, our results 
provide an important illustration of the integrated effect of both climate variation and human 
disturbance on dryland vegetation growth. These findings will bring additional insight to the 
future response and adaptation of vegetation to climate change and human disturbance in the 
world’s drylands.  
Acknowledgements 
This research was funded by the National Key Technology R&D Program (Grant 
No. 2012BAH27B05), the Director Innovation Foundation of CEODE, CAS (Grant No. Y2ZZ19101B), 
and the International Cooperation and Exchanges NSFC (Grant No. 41120114001). The authors thank 
the NASA Global Inventory Modeling and Mapping Studies (GIMMS) group for producing and sharing 
the AVHRR GIMMS3g NDVI dataset. We thank the anonymous reviewers and the associate editor for 
the constructive comments on the manuscript. 
Author Contributions 
Yu Zhou carried out and designed the research work, processed the data, analyzed and interpreted the 
results, and wrote the majority of the paper. Li Zhang supervised and designed the research, assisted 
with interpretation of the results and contributed to manuscript organization, writing and revisions. 
Rasmus Fensholt helped with discussions and manuscript revisions. Kun Wang and Feng Tian helped 
with discussions and part of data processing. Irina Vitkovskaya provided useful suggestions to result 
interpretations and helped with discussions. 
Conflicts of Interest 
The authors declare no conflict of interest.  
  
Remote Sens. 2015, 7 2466 
 
References 
1. United Nations Environment Program (UNEP). World Atlas of Desertification, Revised Edition; 
Edward Arnold: London, UK, 1997. 
2. Food and Agriculture Organization of the United Nations (FAO). FAOSTAT Food and Agriculture 
Organization On-Line Databases. Available online: http://faostat3.fao.org/faostat-gateway/go/to/ 
download/O/OA/E (accessed on 27 September 2013). 
3. Loboda, T.V.; Giglio, L.; Boschetti, L.; Justice, C.O. Regional fire monitoring and characterization 
using global NASA MODIS fire products in dry lands of Central Asia. Front. Earth Sci. 2012, 
6, 196–205. 
4. Lioubimtseva, E.; Cole, R.; Adams, J.M.; Kapustin, G. Impacts of climate and land-cover changes 
in arid lands of Central Asia. J. Arid. Environ. 2005, 62, 285–308. 
5. Piao, S.L.; Wang, X.H.; Ciais, P.; Zhu, B.; Wang, T.; Liu, J. Changes in satellite-derived vegetation 
growth trend in temperate and boreal Eurasia from 1982 to 2006. Glob. Change Biol. 2011, 
17, 3228–3239. 
6. Fensholt, R.; Proud, S.R. Evaluation of earth observation based long term vegetation  
trends—Intercomparing NDVI time series trend analysis consistency of Sahel from AVHRR 
GIMMS, Terra MODIS and SPOT VGT data. Remote Sens. Environ. 2012, 119, 131–147. 
7. Mohammat, A.; Wang, X.; Xu, X.; Peng, L.; Yang, Y.; Zhang, X.; Myneni, R.B.; Piao, S. Drought 
and spring cooling induced recent decrease in vegetation growth in Inner Asia. Agr. Forest. 
Meteorol. 2013, 178–179, 21–30. 
8. Verstraete, M.M. Defining desertification—A review. Clim. Change. 1986, 9, 5–18. 
9. Asian Development Bank (ADB). Land Degradation in Central Asia. ADB TA 6356-REG: Central 
Asian Countries Initiative for Land Management Multicountry Partnership Framework Support 
Project. Available online: http://aoa.ew.eea.europa.eu/virtual-library-viewer/answer_8349096812 
(accessed on 14 October 2014). 
10. Intergovernmental Panel on Climate Change (IPCC). Climate Change; The IPCC Third Assessment 
Report, I (The Scientific Basis), II (Impacts, Adaptation, and Vulnerability) and III (Mitigation); 
Cambridge University Press: Cambridge, UK/New York, NY, USA, 2001. 
11. Lioubimtseva, E.; Henebry, G.M. Climate and environmental change in arid Central Asia: Impacts, 
vulnerability, and adaptations. J. Arid. Environ. 2009, 73, 963–977. 
12. Hu, Z.Y.; Zhang, C.; Hu, Q.; Tian, H.Q. Temperature changes in Central Asia from 1979 to 2011 
based on multiple datasets. J. Clim. 2014, 27, 1143–1167. 
13. Mannig, B.; Muller, M.; Starke, E.; Merkenschlager, C.; Mao, W.Y.; Zhi, X.F.; Podzun, R.; 
Jacob, D.; Paeth, H. Dynamical downscaling of climate change in Central Asia. Glob. Planet. 
Change 2013, 110, 26–39. 
14. Intergovernmental Panel on Climate Change (IPCC). Climate Change 2007: Impacts, Adaptation 
and Vulnerability; IPCC: Cambridge, UK, 2007. 
15. Eisfelder, C.; Klein, I.; Niklaus, M.; Kuenzer, C. Net primary productivity in Kazakhstan, its  
spatio-temporal patterns and relation to meteorological variables. J. Arid. Environ. 2014,  
103, 17–30. 
Remote Sens. 2015, 7 2467 
 
16. Propastin, P.A.; Kappas, M.; Muratova, N.R. Inter-annual changes in vegetation activities and their 
relationship to temperature and precipitation in Central Asia from 1982 to 2003. J. Environ. Inform. 
2008, 12, 75–87. 
17. Gessner, U.; Naeimi, V.; Klein, I.; Kuenzer, C.; Klein, D.; Dech, S. The relationship between 
precipitation anomalies and satellite-derived vegetation activity in Central Asia. Glob. Planet. 
Change 2012, 110, 74–87. 
18. Nezlin, N.P.; Kostianoy, A.G.; Li, B.-L. Inter-annual variability and interaction of remote-sensed 
vegetation index and atmospheric precipitation in the Aral Sea region. J. Arid. Environ. 2005, 
62, 677–700. 
19. Behnke, R. The Socio-Economic Causes and Consequences of Desertification in Central Asia; 
Springer: Dordrecht, The Netherlands, 2008. 
20. Dubovyk, O.; Menz, G.; Conrad, C.; Kan, E.; Machwitz, M.; Khamzina, A. Spatio-temporal 
analyses of cropland degradation in the irrigated lowlands of Uzbekistan using remote-sensing and 
logistic regression modeling. Environ. Monit. Assess. 2013, 185, 4775–4790. 
21. Dubovyk, O.; Menz, G.; Conrad, C.; Lamers, J.P.A.; Lee, A.; Khamzina, A. Spatial targeting of 
land rehabilitation: A relational analysis of cropland productivity decline in arid Uzbekistan. 
Erdkunde 2013, 67, 167–181. 
22. Kuemmerle, T.; Hostert, P.; Radeloff, V.C.; van der Linden, S.; Perzanowski, K.; Kruhlov, I.  
Cross-border comparison of post-socialist farmland abandonment in the Carpathians. Ecosystems 
2008, 11, 614–628. 
23. Kuemmerle, T.; Olofsson, P.; Chaskovskyy, O.; Baumann, M.; Ostapowicz, K.; Woodcock, C.E.; 
Houghton, R.A.; Hostert, P.; Keeton, W.S.; Radeloff, V.C. Post-Soviet farmland abandonment, 
forest recovery, and carbon sequestration in western Ukraine. Glob. Change Biol. 2011,  
17, 1335–1349. 
24. Bogaert, J.; Zhou, L.; Tucker, C.J.; Myneni, R.B.; Ceulemans, R. Evidence for a persistent and 
extensive greening trend in Eurasia inferred from satellite vegetation index data. J. Geophys. Res. 
2002, 107, doi: 10.1029/2001JD001075. 
25. Kariyeva, J.; van Leeuwen, W.J.D. Phenological dynamics of irrigated and natural drylands in 
Central Asia before and after the USSR collapse. Agr. Ecosyst. Environ. 2012, 162, 77–89. 
26. De Pauw, E. ICARDA Regional GIS Datasets for Central Asia: Explanatory Notes; GIS Unit 
Technical Bulletin; International Center for Agricultural Research in the Dry Areas (ICARDA): 
Aleppo, Syria, 2008. 
27. Nature Earth. Available online: http://www.naturalearthdata.com/ (accessed on 8 June 2011). 
28. Savvaitova, K.; Petr, T. Lake Issyk-Kul, Kirgizia. Int. J. Salt Lake Res. 1992, 1, 21–46. 
29. Bai, J.; Chen, X.; Li, J.; Yang, L.; Fang, H. Changes in the area of inland lakes in arid regions of 
central Asia during the past 30 years. Environ. Monit. Assess. 2011, 178, 247–256. 
30. Saiko, T.A.; Zonn, I.S. Irrigation expansion and dynamics of desertification in the Circum-Aral 
region of Central Asia. Appl. Geogr. 2000, 20, 349–367. 
31. Fensholt, R.; Rasmussen, K.; Kaspersen, P.; Huber, S.; Horion, S.; Swinnen, E. Assessing land 
degradation/recovery in the African Sahel from long-term Earth Observation based primary 
productivity and precipitation relationships. Remote Sens. 2013, 5, 664–686. 
Remote Sens. 2015, 7 2468 
 
32. Pinzon, J.; Brown, M.E.; Tucker, C.J. Satellite time series correction of orbital drift artifacts using 
empirical mode decomposition. In Hilbert-Huang Transform: Introduction and Applications; 
Huang, N., Ed.; World Scientific: Singapore, 2005; pp. 167–186. 
33. Zhu, Z.C.; Bi, J.; Pan, Y.Z.; Ganguly, S.; Anav, A.; Xu, L.; Samanta, A.; Piao, S.L.; Nemani, R.R.; 
Myneni, R.B. Global data sets of vegetation leaf area index (LAI)3g and fraction of 
photosynthetically active radiation (FPAR)3g derived from Global Inventory Modeling and 
Mapping Studies (GIMMS) Normalized Difference Vegetation Index (NDVI3g) for the Period 
1981 to 2011. Remote Sens. 2013, 5, 927–948. 
34. Zeng, F.W.; Collatz, G.J.; Pinzon, J.E.; Ivanoff, A. Evaluating and quantifying the climate-driven 
interannual variability in Global Inventory Modeling and Mapping Studies (GIMMS) Normalized 
Difference Vegetation Index (NDVI3g) at Global Scales. Remote Sens. 2013, 5, 3918–3950. 
35. Klein, I.; Gessner, U.; Kuenzer, C. Regional land cover mapping and change detection in Central 
Asia using MODIS time-series. Appl. Geogr. 2012, 35, 219–234. 
36. Global Modeling and Assimilation Office. Available online: http://gmao.gsfc.nasa.gov/ (accessed 
on 16 November 2013). 
37. Rienecker, M.M.; Suarez, M.J.; Gelaro, R.; Todling, R.; Bacmeister, J.; Liu, E.; Bosilovich, M.G.; 
Schubert, S.D.; Takacs, L.; Kim, G.-K.; et al. MERRA: NASA’s modern-era retrospective analysis 
for research and applications. J. Climate 2011, 24, 3624–3648. 
38. Birkes, D.; Dodge, Y. Alternative Methods of Regression; John Wiley & Sons: New York, NY, 
USA, 2011; Volume 190. 
39. Liu, S.; Gong, P. Change of surface cover greenness in China between 2000 and 2010. Chin. Sci. 
Bull. 2012, 57, 2835–2845. 
40. Powell, J.L. Least absolute deviations estimation for the censored regression-model. J. Econom. 
1984, 25, 303–325. 
41. Zhang, L.; Guo, H.; Wang, C.; Ji, L.; Li, J.; Wang, K.; Dai, L. The long-term trends (1982–2006) in 
vegetation greenness of the alpine ecosystem in the Qinghai-Tibetan Plateau. Environ. Earth Sci. 
2014, 72, 1827–1841. 
42. Wang, J.; Rich, P.M.; Price, K.P. Temporal responses of NDVI to precipitation and temperature in 
the central Great Plains, USA. Int. J. Remote. Sens. 2003, 24, 2345–2364. 
43. Ji, L.; Peters, A.J. Lag and seasonality considerations in evaluating AVHRR NDVI response to 
precipitation. Photogramm. Eng. Remote Sens. 2005, 71, 1053–1061. 
44. De Beurs, K.M.; Wright, C.K.; Henebry, G.M. Dual scale trend analysis for evaluating climatic and 
anthropogenic effects on the vegetated land surface in Russia and Kazakhstan. Environ. Res. Lett. 
2009, 4, 045012. 
45. Nemani, R.R.; Keeling, C.D.; Hashimoto, H.; Jolly, W.M.; Piper, S.C.; Tucker, C.J.; Myneni, R.B.; 
Running, S.W. Climate-driven increases in global terrestrial net primary production from 1982 to 
1999. Science 2003, 300, 1560–1563. 
46. Tebaldi, C.; Hayhoe, K.; Arblaster, J.M.; Meehl, G.A. Going to the extremes. Clim. Change 2006, 
79, 185–211. 
47. Lucht, W.; Prentice, I.C.; Myneni, R.B.; Sitch, S.; Friedlingstein, P.; Cramer, W.; Bousquet, P.; 
Buermann, W.; Smith, B. Climatic control of the high-latitude vegetation greening trend and 
Pinatubo effect. Science 2002, 296, 1687–1689. 
Remote Sens. 2015, 7 2469 
 
48. Park, S.S.; Kim, J.; Lee, J.; Lee, S.; Kim, J.S.; Chang, L.S.; Ou, S. Combined dust detection 
algorithm by using MODIS infrared channels over East Asia. Remote Sens. Environ. 2014,  
141, 24–39. 
49. Tucker, C.J.; Fung, I.Y.; Keeling, C.D.; Gammon, R.H. Relationship between atmospheric CO2 
variations and a satellite-derived vegetation index. Nature 1986, 319, 195–199. 
50. Xiao, J.; Moody, A. Geographical distribution of global greening trends and their climatic 
correlates: 1982–1998. Int. J. Remote. Sens. 2005, 26, 2371–2390. 
51. Zhou, L.; Tucker, C.J.; Kaufmann, R.K.; Slayback, D.; Shabanov, N.V.; Myneni, R.B. Variations 
in northern vegetation activity inferred from satellite data of vegetation index during 1981 to 1999. 
J. Geophys. Res. 2001, 106, 20069–20083. 
52. Karnieli, A.; Agam, N.; Pinker, R.T.; Anderson, M.; Imhoff, M.L.; Gutman, G.G.; Panov, N.; 
Goldberg, A. Use of NDVI and land surface temperature for drought assessment: Merits and 
limitations. J. Clim. 2010, 23, 618–633. 
53. Van der Molen, M.K.; Dolman, A.J.; Ciais, P.; Eglin, T.; Gobron, N.; Law, B.E.; Meir, P.; 
Peters, W.; Phillips, O.L.; Reichstein, M.; et al. Drought and ecosystem carbon cycling. Agr. Forest. 
Meteorol. 2011, 151, 765–773. 
54. Xu, Z.Z.; Zhou, G.S. Combined effects of water stress and high temperature on photosynthesis, 
nitrogen metabolism and lipid peroxidation of a perennial grass Leymus chinensis. Planta 2006, 
224, 1080–1090. 
55. United Nations Development Programme (UNDP). The III–VI National Communication of the 
Republic of Kazakhstan to the UN Framework Convention on Climate Change (UNFCCC); UNDP: 
Astana, Kazakhstan, 2013; p. 13. 
56. Nicholson, S.E.; Davenport, M.L.; Malo, A.R. A comparison of the vegetation response to rainfall 
in the Sahel and East-Africa, using normalized difference vegetation index from NOAA AVHRR. 
Clim. Change 1990, 17, 209–241. 
57. Donohue, R.J.; McVicar, T.R.; Roderick, M.L. Climate-related trends in Australian vegetation 
cover as inferred from satellite observations, 1981–2006. Glob. Change Biol. 2009, 15, 1025–1039. 
58. Inouye, D.W. The ecological and evolutionary significance of frost in the context of climate change. 
Ecol. Lett. 2000, 3, 457–463. 
59. Li, X.; Koike, T. Frozen soil parameterization in SiB2 and its validation with GAME-Tibet 
observations. Cold Reg. Sci. Technol. 2003, 36, 165–182. 
60. Davenport, M.L.; Nicholson, S.E. On the relation between rainfall and the normalized  
difference vegetation index for diverse vegetation types in East-Africa. Int. J. Remote. Sens. 1993, 
14, 2369–2389. 
61. Cui, L.L.; Shi, J. Temporal and spatial response of vegetation NDVI to temperature and 
precipitation in eastern China. J. Geogr. Sci. 2010, 20, 163–176. 
62. Ji, L.; Peters, A.J. A spatial regression procedure for evaluating the relationship between  
AVHRR-NDVI and climate in the northern Great Plains. Int. J. Remote. Sens. 2004, 25, 297–311. 
63. Davies, W.J.; Zhang, J. Root signals and the regulation of growth and development of plants in 
drying soil. Annu. Rev. Plant Phys. 1991, 42, 55–76. 
64. Ogle, K.; Reynolds, J.F. Plant responses to precipitation in desert ecosystems: Integrating functional 
types, pulses, thresholds, and delays. Oecologia 2004, 141, 282–294. 
Remote Sens. 2015, 7 2470 
 
65. Díaz, S.; Cabido, M. Plant functional types and ecosystem function in relation to global change. J. 
Veg. Sci. 1997, 8, 463–474. 
66. Hobbs, R.J. Can we use plant functional types to describe and predict responses to environmental 
change? In Plant Functional Types: Their Relevance to Ecosystem Properties and Global Change; 
Smith, T.M., Shugart, H.H., Woodward, F.I., Eds.; Cambridge University Press: Cambridge, UK, 
1997; pp. 66–90. 
67. Kramer, P. Changing concepts regarding plant water relations. Plant Cell Environ. 1988,  
11, 565–568. 
68. Hostert, P.; Kuemmerle, T.; Prishchepov, A.; Sieber, A.; Lambin, E.F.; Radeloff, V.C. Rapid land 
use change after socio-economic disturbances: The collapse of the Soviet Union versus Chernobyl. 
Environ. Res. Lett. 2011, 6, 045201. 
69. World Resources Institute. World Resources 1996–97; Oxford University Press: New York, NY, 
USA, 1996. 
70. Lerman, Z.; Csaki, C.; Feder, G. Evolving farm structures and land use patterns in former socialist 
countries. Q. J. Int. Agr. 2004, 43, 309–336. 
71. Swinnen, F.M. Political Economy of Agrarian Reform in Central and Eastern Europe; Ashgate 
Publishing Ltd.: Aldershot, UK, 1997. 
72. Kaifu, P.; Zhang, Y.; Wang, Y.-J.; Wang, F.; Liu, Y. On Kazakhstan population and social 
development after its independence. J. Xinjiang Univ. 2010, 1, 024. (In Chinese) 
73. Ioffe, G.; Nefedova, T.; Zaslavsky, I. From spatial continuity to fragmentation: The case of Russian 
farming. Ann. Assoc. Am. Geogr. 2004, 94, 913–943. 
74. Chen, X.; Bai, J.; Li, X.Y.; Luo, G.P.; Li, J.L.; Li, B.L. Changes in land use/land cover and 
ecosystem services in Central Asia during 1990–2009. Curr. Opin. Environ. Sustain. 2013,  
5, 116–127. 
75. Micklin, P.P. Desiccation of the Aral Sea: A water management disaster in the Soviet Union. 
Science 1988, 241, 1170–1176. 
76. Ji, C. Central Asian Countries Initiative for Land Management Multicountry Partnership 
Framework Support Project; ADB: Tashkent, Uzbekistan, 2008. 
77. Babu, S.C.; Tashmatov, A. Food Policy Reforms in Central Asia: Setting the Research Priorities; 
International Food Policy Research Institute: Washington, DC, USA, 2000. 
78. United Nations Environment Programme-World Conservation Monitoring Centre (UNEP-WCMC). 
State of the World’s Protected Areas 2007: An Annual Review of Global Conservation Progress; 
UNEP-WCMC: Cambridge, UK, 2008. 
79. Bragina, E.V.; Ives, A.R.; Pidgeon, A.M.; Kuemmerle, T.; Baskin, L.M.; Gubar, Y.P.; Piquer, R.M.; 
Keuler, N.S.; Petrosyan, V.G.; Radeloff, V.C. Rapid declines of large mammal populations after the 
collapse of the Soviet Union. Conserv. Biol. 2015, doi: 10.1111/cobi.12450. 
© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 
distributed under the terms and conditions of the Creative Commons Attribution license 
(http://creativecommons.org/licenses/by/4.0/). 
